We report the results of quantitative phase-contrast imaging experiments using synchrotron radiation, in-line imaging geometry and a non-interferometric phase retrieval technique. This quantitative imaging method is fast, simple, robust, does not require sophisticated x-ray optical elements and can potentially provide submicron spatial resolution over a field of view of the order of centimetres. In the present experiment a spatial resolution of approximately 0.8 µm has been achieved in images of a polystyrene sphere using 19.6 keV x-rays. We demonstrate that appropriate processing of phase-contrast images obtained in the in-line geometry can reveal important new information about the internal structure of weakly absorbing organic samples. We believe that this technique will also be useful in phase-contrast tomography.
Introduction
The primary goal of this work is to test the potential of combining in-line imaging using coherent high-energy x-rays (figure 1) [1] [2] [3] [4] [5] and the non-interferometric phase reconstruction technique [5] [6] [7] [8] [9] for rapid quantitative highresolution phase imaging of organic samples. The main questions we want to address are those of the information content, resolution, stability and speed achievable in this imaging method.
Imaging with high-energy x-rays has a number of advantages over other microscopy techniques such as visible light or electron microscopy. These advantages include first of all the ability to image the internal structure of thick samples. While most other microscopy techniques can only access either the surface or a thin near-surface layer of a typical specimen, hard x-ray microscopy can analyse the internal structure of samples that are many centimetres thick. Phase-contrast x-ray imaging can be especially useful in such cases, because at the high x-ray energies needed to penetrate through thick samples the sensitivity of the x-ray phase to structural and chemical variations can be up to several orders of magnitude higher than that of absorption contrast [1, 3] .
Another fundamental advantage of hard x-ray phasecontrast microscopy (XPCM) is that it is directly sensitive to the electron density distribution in the object [3] . Therefore, it does not require special preparation of the sample, can be non-destructive, can be performed in situ and in vivo. For the same reason, XPCM has an inherent ability to be quantitative. X-ray phase-contrast computer tomography has been recently successfully implemented using different experimental techniques [10] [11] [12] . When used in in-line geometry, XPCM does not need sophisticated optical elements, has a very large depth of focus and can produce images with submicron spatial resolution over a field of view as large as several cm 2 in a single exposure. In the present work we are primarily interested in two modes of the so-called 'outline' regime [13] of in-line XPCM. The first mode is represented by the directly registered single images, and the second one involves a special processing of one or more images of the object. We demonstrate that while the direct images can often be interpreted as maps of the second derivatives (Laplacians) of the phase distribution in the cross sections of the beam, the appropriate processing of the differential images can provide the distribution of the phase itself. The information content of these two types of images is complementary, and they can be used together for a better description of the internal structure of the sample.
Experiment
The principal scheme of the in-line imaging method is presented in figure 1 . The contrast formation in in-line XPCM is based on the phenomenon of Fresnel diffraction which transforms phaseshifts into intensity variations upon a simple act of free-space propagation [6] [7] [8] [9] 14] . Therefore, in this imaging scheme it is possible to register phase-contrast images without the use of any lenses or interferometers. This is especially important in hard x-ray imaging where optical elements such as lenses of high imaging quality (low aberration) are very difficult to make.
As most biological samples are highly transparent for energetic x-rays, often only phase contrast can give a sensible degree of contrast in high-energy x-ray imaging of samples in their native state. Aiming at future biological and medical applications, we chose a test object made from organic material. In the experiment, the object was a polystyrene (C 8 H 8 ) sphere with a density of 1.05 g cm −3 and a diameter of approximately 118 µm. It transpired that the object had a number of internal defects (air bubbles) which are clearly discernible in the x-ray images. The sphere was glued on the tip of a glass capillary.
The experiment was performed at ID 22, a high-β undulator beamline at the European Synchrotron Radiation Facility (ESRF). This beamline is well adapted for microimaging experiments with coherent x-ray beams due to the small source size, low divergence and intensity of order 10 12 photons/mm 2 at the sample position. The stability and homogeneity of the beam is achieved by restricting the number of optical elements in the beam path to a pair of horizontal primary slits, polished Be windows and a vertical reflecting double-crystal monochromator (Si 111) [15] . The necessary spatial coherence is given in the vertical direction by the undulator source size (30 µm) and horizontally by the primary slits (closed to 100 µm). The energy of the x-rays selected by the monochromator was E = 19.6 keV (λ 0.632 45 Å). The images were collected using a 5 µm thick transparent YAG scintillator coupled by a light microscope to a CCD camera. The detector has a pixel size of 0.32 µm and the FWHM of the point-spread function is approximately 0.8 µm [16] . The detector was located 0.15 m downstream from the sphere (figure 2). As a 118 µm thick layer of polystyrene has negligible (0.25%) absorption contrast at E = 19.6 keV x-ray energy, our object can be considered as a pure phase one. Figure 3 shows an image of the polystyrene sphere with Fresnel diffraction fringes near the edges. This image was obtained by numerically subtracting the image of the background (no object) from the direct image of the sphere. The exposure time for each image was 20 s. Most of the features in the background image were caused by imperfections of the optical elements in the beam path, in particular dust particles on the vacuum windows and surface impurities on the monochromator crystals. The lack of absorption contrast between the projection of the central part of the sphere and the background is evident. The phase images of multiple defects (air bubbles) in the polystyrene sphere are clearly visible in figure 3 .
Although the direct in-line images are quite informative and reveal fine details of the internal structure of the sample, it is important to properly interpret these images in terms of the object features and the mechanism of Fresnel diffraction. Such interpretation and the subsequent processing, performed in the next section, allows us to establish simple quantitative relationships between the contrast in in-line XPCM images and the distribution of electron density in the sample.
Interpretation and processing of the experimental data
Our interpretation and processing of the obtained phasecontrast images is based on the transport of intensity equation (TIE) approximation to the Fresnel integral [6] [7] [8] [9] . For the sake of simplicity, we only consider the case of a monochromatic plane incident wave; the general case of a polychromatic and spatially partially coherent incident wave can be treated similarly [17] .
Consider the scalar complex amplitude of a monochromatic wavefield in the object plane z = 0 with wavelength λ = 2π/k:
where r ⊥ = (x, y). We assume the object to be weakly scattering, hence the propagation of U 0 (r ⊥ ) into the sourcefree half-space z > 0 can be described by the Fresnel integral. The TIE corresponds to the linear in (R/k) approximation to the Fresnel integral [9] :
where I (r ⊥ , R) is the intensity distribution in the image plane z = R ( figure 1) .
If the intensity distribution in the object plane is uniform, I (r ⊥ , 0) ≡ I 0 , as, for example, in the case of a plane incident wave and a non-absorbing object, then equation (2) can be simplified as
which means that the image in this case is essentially a map of the Laplacian of the phase distribution in the object plane.
In our case this equation can be applied after subtraction of the background images recorded in the absence of the object.
Equations (2) and (3) correspond to the outline regime of in-line phase-contrast imaging. In this regime only one dark and one bright Fresnel fringe are usually observable at edges and interfaces of the sample [13] . At such regions the rapid change in refractive index leads to large values of the Laplacian of the phase, which determines the image contrast according to equation (3) . Regions of the object with slow variation of the refractive index or thickness are imaged with a very weak contrast in this regime.
Equations (2) or (3) can be used for the explicit reconstruction of the phase from intensity images in the outline mode. Boundary conditions necessary for the unambiguous solution of these equations can be defined using the fact that the image of the object is almost completely surrounded by the unperturbed primary beam in which the phase distribution should coincide with that of the background image [9] . Therefore, any physically sensible uniform boundary conditions can be used when solving equation (2) or (3) for the phaseshifts introduced by the sphere. The solution, i.e. the recovered phase distribution, ϕ(r ⊥ , 0), in the object plane, is directly proportional to the projected electron density in the sample [3] .
In theory, equations (2) and (3) become most accurate at infinitesimally small distances R, where they transform into differential equations with respect to z, for example equation (3) becomes
Equation (3a) is a conventional differential transport of intensity equation which is valid in the Fresnel (paraxial) approximation [6, 7] (note also that the same transport equation is valid in the geometrical optics approximation). In practice, however, measured intensity always contains some amount of noise. If the distance R between the object and the image planes is too small, the noise is strongly amplified when the z-derivative of intensity in equation (3a) is evaluated. This is a manifestation of the well-known mathematical instability of numerical differentiation. To improve the signal-to-noise ratio in the left-hand side of equation (3) the distance R has to be increased. On the other hand, at finite distances R the difference between the right-and the left-hand sides of equations (2) and (3) is proportional to higher-order diffraction terms containing increasing powers R n , n = 2, 3, . . . [7] . These terms correspond to additional Fresnel fringes appearing in the image at larger distances, and they increase in magnitude with the distance R faster than the linear term, making the linear approximations equations (2) and (3) progressively less accurate. As a result, the optimal distance R has to be chosen as a balance between improving the signal-to-noise ratio in the z-derivative of intensity and suppressing the influence of the nonlinear (in R) diffraction terms in the residuals of equations (2) and (3) [7, 9] . In order to find the optimal distance R one needs to have some a priori information about the refractive properties of the sample and the noise statistics in the experiment.
In the case of a uniform non-absorbing spherical object and a plane incident wave, the wave immediately behind the object (on plane z = 0, figure 1 ) has a uniform intensity and the phase distribution
1, is the relative refractive index inside the sphere. Equation (4) for an ideal polystyrene (δ = 6.1×10 −7 ) sphere with the radius a = 5.9× 10 −5 m and radiation E = 19.6 keV (k 9.9 × 10 10 m −1 ) gives us an estimate for the phase distribution introduced by our sample into the transmitted plane x-ray wave.
There are many well-known methods for solving equations of the type (2) and (3) (see for example [9] for discussion of this problem in the context of phase retrieval). In the present case we used the Full Multigrid method [18] for the solution of these equations. Using this method we were able to solve equations (2) and (3) on the 512 × 512 grid in a time of the order of a few seconds on a Pentium Pro 200 MHz PC. The reconstructed phase distribution is shown in figures 4 and 5. The expected overall shape corresponding to equation (4) is apparent ( figure 5 ). The internal defects are now visible as small dents in the contour lines; the contrast of these defects is strongly diminished compared with figure 3 . The maximum value of the negative phaseshift produced by the sphere is found to be equal to max(−ϕ experim (r ⊥ )) = 7.21 ± 0.22 radians (note that, in contrast to interferometry, there are no 2π phase ambiguities in the TIE technique). The corresponding theoretical value calculated in accordance with equation (4) is max(−ϕ theor (r ⊥ )) = 7.15 radians, in a very good agreement with the reconstructed value (figure 6). The apparent information content of the reconstructed phase image (figures 4 and 5) is complementary to that of the original image ( figure 3 ). Various edges, including those of the sphere and the small defects in it, are better visible in the original image. On the other hand, the thickness variation (x-ray path length through the sphere) is visible only in the reconstructed image. The reason for these differences in the two types of images is that the Laplacian of a rapidly varying function is much larger than the function itself, while the opposite is true for slowly varying functions. These distinct regimes are strongly reminiscent of the 'edge-contrast' and 'area-contrast' regimes existing in phase-contrast imaging with the use of perfect analyser crystals [19, 20] . Note, however, that in the latter method the distribution of phase gradient is imaged directly, as compared with the phase Laplacian in the outline mode of in-line imaging.
In order to check the stability of the present phase retrieval method and the consistency of the experimental data, we also collected the image in the same conditions with the same spherical object rotated by 180
• around a vertical (parallel to X) axis. The new direct image with the subtracted background is shown in figure 7 . The phase map reconstructed from this image was very similar to the one shown in figure 4 and 5. The maximum value of the negative reconstructed phaseshift was max(−ϕ experim (r ⊥ )) = 7.31 ± 0.62 radians. This result agrees well with the theoretical estimation and with the values retrieved for the first setting. The small discrepancy with the previous reconstruction results appears to be mainly due to the lack of stability of the incident beam in the second experiment.
Finally, we numerically simulated the scalar complex amplitude in the object plane with uniform intensity distribution and a phase distribution equal to the reconstructed phase ϕ experim (r ⊥ ). We then computed the freespace propagation (calculating the full Kirchhoff integrals) of that complex amplitude from the plane z = 0 to the plane z = 0.15 m. The result of this calculation is shown in figure 8 . Comparing figure 8 with figure 3 , one can see that the calculated image in the plane z = 0.15 m agrees well with the experimentally measured image. This result confirms the correctness of the reconstructed phase distribution.
Conclusions
We have presented the results of an experiment for quantitative phase-contrast imaging in in-line geometry using coherent hard (E = 19.6 keV) synchrotron x-rays and a simple non-interferometric phase reconstruction technique. The images were collected at the ESRF ID22 beamline using a CCD-based x-ray area detector with submicron spatial resolution. In each case the phase was reconstructed from a single (background subtracted) phase-contrast image using the TIE formalism (reconstruction time per image ∼3 s on a Pentium Pro 200 PC). These properties of the phase reconstruction algorithm point to the possibility of its implementation as a basis for an on-line (real-time) x-ray phase-contrast imaging method. The spatial resolution in the original images is about 0.8 µm. The spatial resolution in the reconstructed phase images is somewhat worse than that in the original images due to discarding of the higher-order diffraction terms in the TIE formalism. The overall shape and numerical values of the reconstructed phase were found to be in very good agreement with the theoretical predictions. We have shown that the images of phase objects collected in the outline regime of the in-line imaging essentially represent the maps of the Laplacian of the phase distribution in the object plane. Consistent with this interpretation, the edges of phase objects are displayed with high contrast in the direct outline images. On the other hand, slow variations in the distribution of thickness or density in the object are seen much more clearly in the reconstructed phase images. This method of quantitative phase imaging appears to be especially suitable for phase-contrast tomography as it allows rapid and accurate reconstruction of the phase in each projection of a phase object.
